In this paper, we describe a flat-type vertical-gap passive magnetic levitation vibration isolator (FVPMLVI) for active vibration isolation system (AVIS). A dual-stator scheme and a special stator magnet array are adopted in the proposed FVPMLVI, which has the effect of decreasing its natural frequency, and this enhances the vibration isolation capability of the FVPMLVI. The structure, operating principle, analytical model, and electromagnetic and mechanical characteristics of the FVPMLVI are investigated. The relationship between the force characteristics (levitation force, horizontal force, force ripple, and force density) and major structural parameters (width and thickness of stator and mover magnets) is analyzed by finite element method. The experiment result is in good agreement with the theoretical analysis.
Introduction
Active vibration isolation system (AVIS), which integrates actuators with passive gravity compensation devices, can effectively improve the accuracy of measuring and machining equipment. Therefore, active vibration isolation systems have been widely used in many advanced industrial applications such as microscopy and lithography. As an important component of active vibration isolation system, the passive gravity compensation device plays the role of supporting and vibration isolation, and such characteristics like high force density and low natural frequency are required. More importantly, lower natural frequency leads to wider vibration isolation bandwidth and lower vibration transmissibility. Owing to the advantage of low natural frequency, air springs are widely adopted as passive gravity compensation devices in many active vibration isolation systems. However, some ultraprecision equipment must operate in a moderate vacuum, for example, extreme ultraviolet lithography [1] . It is difficult for air springs to be applied in vacuum environment, because air springs need compressed gas [2] . To solve the problem, passive magnetic levitation vibration isolator is used as a substitute for air spring.
Passive magnetic levitation vibration isolators generate levitation force by interaction between magnets and have drew increased interest in recent years due to their feature of vacuum compatibility. Puppin and Fratello proposed a vibration isolation apparatus composed of four passive magnetic levitation vibration isolators in 2002; its natural frequency is 6.1 Hz at a load of 4 kg and 5.8 Hz at a load of 15 kg [2] . Zhu et al. proposed a passive magnetic levitation vibration isolator composed of ring-shaped permanent magnets; they studied its axial force and stiffness characteristics, and its natural frequency is about 6 Hz [3] . Robertson et al. proposed a multipole array passive magnetic levitation vibration isolator [4] and studied the design method of passive magnetic levitation vibration isolators [5, 6] . Lomonova et al. also studied the design method of passive magnetic levitation vibration isolators [7] [8] [9] . Zhu et al. proposed a vibration isolator composed of permanent magnets and rubber ligaments, they reduced the natural frequency of the vibration isolator by about 50%, and its lowest natural frequency is 2.75 Hz [10] . Xu et al. designed a vibration isolation system composed of permanent magnets and a coil spring [11] . Wu et al. designed a vibration isolator composed of three cuboidal magnets and a coil spring; its natural frequency is reduced from 10.45 Hz to 4.96 Hz at a load of 2.29 kg [12] . Shin analyzed the maximum vibration transmissibility of a vibration isolator composed of four magnets and two coil springs [13] . Zheng et al. designed a vibration isolator composed of ring-shaped magnets and a coil spring; its natural frequency is reduced from 9.0 Hz to 5.8 Hz [14] . As mentioned above, most published works about this kind of device show higher natural frequency than air springs, which is adverse for vibration isolation. Herein, we propose a flat-type vertical-gap passive magnetic levitation vibration isolator (FVPMLVI) that features vacuum compatibility, low natural frequency, and no mechanical contact. A dual-stator scheme is adopted in the proposed FVPMLVI to decrease its natural frequency. This paper focuses on the operation principle and characteristics analysis of the FVPMLVI and provides useful advices for its application. This paper is organized as follows. In Section 2, the structure and operation principle of the FVPMLVI are introduced. In Section 3, the analytical model of the FVPMLVI is established. In Section 4, the electromagnetic and mechanical characteristics of the FVPMLVI are studied in detail by finite element method, and the force characteristics experiment is carried out. A summary is included in Section 5.
Structure and Operating Principle
The proposed flat-type vertical-gap passive magnetic levitation vibration isolator consists of three components, that is, upper stator, mover, and lower stator, as shown in Figure 1 . The mover consists of an aluminum plate and two vertically magnetized magnets. Both the upper and the lower stators consist of an aluminum plate, three vertically magnetized magnets, and two horizontally magnetized magnets. The magnetization direction of the magnets is shown as arrows in Figures 1 and 2 . The major structural parameters of flat-type vertical-gap passive magnetic levitation vibration isolator are shown in Figure 2 .
The flat-type vertical-gap passive magnetic levitation vibration isolator generates levitation force by the attraction and repulsion between stator and mover magnets. The mover is suspended above the stator by the magnetic force between stator and mover magnets. When the mover moves relative to the stators along the vertical direction, the upper stator and mover generate attractive force with negative stiffness and the lower stator and mover generate repulsive force with positive stiffness; thus the total levitation force is near-constant. When the mover moves relative to the stators along the horizontal direction, the total levitation force generated by magnets on the left side and the right side is also near-constant. Through adopting the dual-stator structure and inserting horizontally magnetized magnets, the flat-type vertical-gap passive magnetic levitation vibration isolator can generate nearconstant levitation force and near-zero stiffness in six-degree of freedom stroke, which is useful for improving the vibration isolation performance of active vibration isolation system.
The proposed flat-type vertical-gap passive magnetic levitation vibration isolator has two advantages: (1) using parallel magnetized cubic magnets; the vertically and horizontally magnetized magnets used in FVPMLVI are parallel magnetized cubic magnets; compared with radially magnetized magnets used in many vibration isolators, the parallel magnetized cubic magnets have advantages of simple structure, good manufacturability, and low cost; and (2) low natural frequency. The natural frequency of FVPMLVI can be decreased effectively by adopting dual-stator scheme and special stator magnet array.
Analytical Model
The force generated by flat-type vertical-gap passive magnetic levitation vibration isolator can be calculated by superposition of magnetic force between each two magnets (one of the two magnets is on the stator and another is on the mover). isolator is shown in Figure 3 . The cuboidal magnets are equivalent to a series of charged rectangular surface.
According to the work of Allag et al. [15] , the magnetic force between two magnets with parallel and perpendicular magnetization can be expressed as parallel and perpendicular , separately. Since there are 6 vertically magnetized magnets on the stators and 2 vertically magnetized magnets on the mover, thus there are 6 × 2 pairs of magnets with parallel magnetization. Similarly, there are 4 horizontally magnetized magnets on the stators; thus there are 4 × 2 pairs of magnets with perpendicular magnetization. Then, the force of the flat-type vertical-gap passive magnetic levitation vibration isolator is given by
where parallel is the magnetic force between two magnets with parallel magnetization and perpendicular is the magnetic force between two magnets with perpendicular magnetization.
Thus the stiffness and natural frequency of the flat-type vertical-gap passive magnetic levitation vibration isolator can be expressed as (2) and (3).
where is the stiffness, is the variation of force, and is the displacement.
where is the natural frequency, is the total mass of mover, and load is the gravitational acceleration.
As shown in (3), compared to stiffness , the force ripple within unit displacement / / is a better indicator which can reflect the vibration isolator's vibration isolation performance, because the natural frequency is directly related to vibration isolation ability. Therefore, force ripple is analyzed instead of stiffness in the next section.
Electromagnetic and Mechanical Characteristics Analysis
In order to provide useful advice for application, the electromagnetic and mechanical characteristics of FVPMLVI such as levitation force, horizontal force, force ripple, and force density are analyzed in this section. Firstly, the force characteristics of FVPMLVI which varied with mover position are studied, and the principle of reducing force ripple is analyzed. Then, the influence of major structural parameters on the device performance like levitation force, force density, and force ripple is studied. At last, the force characteristics of a FVPMLVI prototype is tested to validate the analysis.
Force Characteristics Varied with Mover Position and
Principle of Reducing Force Ripple. When the mover moves relative to the stators, the magnetic force generated by interaction between magnets will change inevitably. The finite element method is used here to analyze the vibration of the force. The mesh result and magnetic field distribution are shown in Figure 4 . When the mover moves relative to the stators along the vertical direction, the levitation force characteristic which varied with vertical motion is shown in Figure 5 (a). For a certain horizontal position , with the increase in vertical position , the levitation force first decreases and then increases. The minimum levitation force occurs when is about 0.4 mm. When the mover moves relative to the stators along the horizontal direction, the levitation force characteristic which varied with horizontal motion is shown in Figure 5 (b). For a certain vertical position , with the increase in horizontal position , the levitation force first increases and then decreases when is larger than −0.6 mm. The maximum levitation force occurs when is 0.0 mm. It should be noted that the vertical position = 0 mm means the position 1 mm below the center of FVPMLVI.
When the mover moves relative to the stators along the vertical direction, the horizontal force characteristic which varied with vertical motion is shown in Figure 6 (a). For a certain horizontal position , with the increase in vertical position , the horizontal force decreases. When the mover moves relative to the stators along the horizontal direction, the horizontal force characteristic which varied with horizontal motion is shown in Figure 6( position , with the increase in horizontal position , the levitation force is approximately proportional to horizontal position . As shown in Figures 5 and 6 , the vibration of levitation force generated by FVPMLVI is not more than 1 N in the ±1 mm stroke, and the vibration of horizontal force is not more than 4 N.
The following is the analysis about the role of special stator magnet array and dual-stator scheme. Firstly, the role of special stator magnet array is analyzed. As shown in Figure 7 , the stator magnets are divided into three magnet arrays, that is, magnet array A, magnet array B, and magnet array C. The force generated by FVPMLVI is the superposition of magnetic force between these three magnet arrays and mover magnets.
The levitation force characteristics of these three magnet arrays are shown in Figure 8 . When the mover moves relative to the stators along the vertical direction, the stiffness of levitation force generated by magnet array A is near-zero, the stiffness of levitation force generated by magnet array B is negative, and the stiffness of levitation force generated by magnet array C is positive. When the mover moves relative to the stators along the horizontal direction, the levitation force generated by magnet array A and magnet array B increases when | | increases, and the levitation force generated by magnet array C decreases when | | increases. Thus, a nearconstant levitation force can be obtained by appropriate combination.
The horizontal force characteristics of these three magnet arrays are shown in Figure 9 . When the mover moves relative to the stators along the vertical direction, the horizontal force generated by magnet array A and magnet array B decreases when increases, and the horizontal force generated by magnet array C increases when increases. When the mover moves relative to the stators along the horizontal direction, the stiffness of horizontal force generated by magnet array A and magnet array B is positive, and the stiffness of levitation force generated by magnet array C is negative. Thus, a near-zero vertical stiffness can be obtained by appropriate combination. Thus, the special stator magnet array, which is composed of three vertically magnetized magnets and two horizontally magnetized magnets, can effectively decrease the force ripple of FVPMLVI.
Similarly, the role of dual-stator scheme is analyzed. As shown in Figure 10 , the stator magnets are divided into two magnet arrays, that is, magnet array D and magnet array E. The force generated by FVPMLVI is the superposition of magnetic force between these two magnet arrays and mover magnets.
The levitation force characteristics of these two magnet arrays are shown in Figure 11 . When the mover moves relative to the stators along the vertical direction, the stiffness of levitation force generated by magnet array D is negative, and the stiffness of levitation force generated by magnet array E is positive. Thus, a near-constant levitation force can be obtained by appropriate combination.
The horizontal force characteristics of these three magnet arrays are shown in Figure 12 . When the mover moves relative to the stators along the horizontal direction, the stiffness of horizontal force generated by magnet array D is positive, and the stiffness of levitation force generated by magnet array E is negative. Thus, a near-zero vertical stiffness can be obtained by appropriate combination.
In conclusion, the natural frequency of FVPMLVI can be decreased effectively by adopting the dual-stator scheme and special stator magnet array, and the structural parameters of magnets should be carefully designed because the force characteristics of FVPMLVI depend on the combination of force characteristics of several magnet arrays.
Influence of Major Structural Parameters on Force Ripple
and Force Density. In order to provide useful advice for application, the influence of major structural parameters on force ripple and force density should be analyzed in order to find a useful optimized method for future design process.
The major structural parameters are defined as the structural parameters which can determine the FVPMLVI's electromagnetic and mechanical characteristics. As shown in Figure 2 , the major structural parameters include width of stator magnets 1 and 2 , thickness of stator magnets ℎ 1 and ℎ 2 , and width and thickness of mover magnets and ℎ . The force ripple within unit displacement and force density are calculated by (4) and (5), separately. 
where is the levitation force of FVPMLVI, is the volume of FVPMLVI, is the spacing between stator magnets, ap is the thickness of stator aluminum plates, is the thickness of air gap, is the spacing between mover magnets, and ap is the length of FVPMLVI in -axis. The influence of major structural parameters on force ripple and force density is analyzed by finite element method. The major structural parameters are studied with some auxiliary structural parameters fixed; that is, the length of FVPMLVI in -axis ap is 100 mm; the spacing between stator magnets and between mover magnets is 1 mm and 2 mm, respectively. Considering the stroke and manufacturability, the air gap length is chosen to be 3 mm.
Firstly, from Figures 8 and 9 , the stiffness of levitation force generated by magnet array B is opposite to that of magnet array C. Thus, there is a reasonable range of 1 and 2 , where the total stiffness of magnet array B and C is near-zero; then the force ripple can be decreased significantly. Simultaneously, the levitation force will increase when 1 and 2 are increased. However, from (5), the volume of PMLVI will also increase with the increase of 1 and 2 , which brings a negative influence on the force density. Thus, there is a reasonable range of 1 and 2 , where force density obtains the maximum.
The force ripple which varied with 1 and 2 is shown in Figure 13 . From Figure 13 , (1) the force ripple caused by vertical motion is decreased significantly when 1 and 2 take appropriate values; (2) the minimum of force ripple caused by vertical motion occurs when 2 is in the range of 6.2 mm∼7.2 mm; (3) the force ripple caused by horizontal motion is decreased significantly when 1 and 2 take appropriate values; (4) the minimum force ripple caused by vertical motion occurs when 2 is in the range of 8.4 mm∼ 12.2 mm.
The levitation force and force density which varied with 1 and 2 are is shown in Figure 14 . From Figure 14 , (1) the levitation force increases with the increase of 1 and 2 ; (2) the maximum of force density occurs when 1 is in the range of 4 mm∼6 mm, and 2 is expected to be as small as possible. This shows that although force ripple is decreased by adopting special stator magnet array, the force density is also decreased.
Similar to the analysis of 1 and 2 , there is a reasonable range of ℎ 1 and ℎ 2 , where force ripple can be decreased significantly and force density reaches the maximum. It should be noted that ℎ 1 is designed to be larger than ℎ 2 , because the air gap length is fixed, and a larger ℎ 2 will lead to a shorter stroke. Through changing the thickness of stator magnets ℎ 1 and ℎ 2 , the force ripple is calculated, as shown in Figure 15 . From Figure 15 , (1) the force ripple caused by vertical motion is decreased significantly when 1 and 2 take appropriate values; (2) the minimum of force ripple caused by vertical motion occurs when ℎ 1 = −0.1214ℎ 2 2 + 2.179ℎ 2 + 0.14; (3) the force ripple caused by horizontal motion is decreased significantly when ℎ 1 and ℎ 2 take appropriate values; the minimum of force ripple caused by horizontal motion occurs when ℎ 1 and ℎ 2 are about 4 mm and 1 mm, respectively.
The levitation force and force density which varied with ℎ 1 and ℎ 2 are is shown in Figure 16 . From Figure 16 , (1) the levitation force increases with the increase of ℎ 1 and ℎ 2 ; (2) the maximum of force density occurs when ℎ 2 takes larger values and ℎ 1 = ℎ 2 ; the force density can be further increased if ℎ 2 takes values in a wider range; however, the force ripple will increase. The force characteristics of PMLVI could be also adjusted by the structural parameters of mover. Through changing the width and thickness of mover magnets and ℎ in a small range, the force ripple is calculated as shown in Figure 17 . From Figure 17 , (1) the force ripple caused by vertical motion is decreased significantly when and ℎ take appropriate values; the minimum of force ripple caused by vertical motion occurs when ℎ = −0.4138 2 + 31.33 − 591.1; (3) the force ripple caused by horizontal motion is decreased significantly when ℎ decreases.
The levitation force and force density which varied with and ℎ are shown in Figure 18 . From Figure 18 , (1) the levitation force increases significantly with the increase of ℎ ; the levitation force is nearly proportional to the thickness of mover magnets ℎ ; (2) from (5), with the increase of ℎ , the increase magnitude in levitation force is larger than the increase magnitude of its volume; thus the force density also increases significantly.
Based on the analysis results above, an optimized FVPM-LVI is designed and analyzed by experiment. It should be mentioned that the parameters of the optimized model in this section are preliminary optimization results based on the forgoing FEM analysis. A more accurate optimization result can be obtained by using some optimization methods in the design process, for example, numerical optimization algorithms or approximate models [16, 17] .
Experiment.
To verify the analysis presented above, a prototype of the FVPMLVI is manufactured. The structural parameters of prototype are listed in Table 1 . The test platform for measuring force characteristics of the FVPMLVI is shown in Figure 19 . The test platform is composed of a three-degree of freedom position adjuster, a force sensor, a high-precision multimeter, and a support. The three-degree of freedom position adjuster is composed of a position adjuster and a position adjuster. The three-degree of freedom position adjuster and the support are fixed on a passive vibration isolation platform separately, and the force sensor is fixed on the three-degree of freedom position adjuster. The mover of FVPMLVI is fixed on the support, and the stator of FVPMLVI is fixed on the force sensor. Therefore the relative position between stator and mover can be adjusted by the three-degree of freedom position adjuster. The relationship between force and mover position can be measured. Figure 20 shows the levitation force distribution with different vertical displacement ( ) and horizontal displacement ( and ). The measured nominal levitation force is 197.64 N, which matches well with the finite element model. The variation of the levitation force is quite small for the whole stroke. The stiffness is obtained from the levitation force characteristics by using (6) . Figure 21 shows the vertical stiffness distribution with different vertical displacement ( ) and horizontal displacement ( and ). It can be seen that the vertical stiffness can be as low as zero in some areas. The maximum positive vertical stiffness is 1008.26 N/m, and the natural frequency near this point calculated by (3) is 1.13 Hz. Compared with passive magnetic levitation vibration isolators with natural frequency more than 4 Hz [2, 3, [10] [11] [12] [13] [14] , the proposed passive maglev vibration isolation unit features advantage in lower natural frequency.
Conclusions
A flat-type vertical-gap passive magnetic levitation vibration isolator has been investigated for active vibration isolation system. The dual-stator scheme and special stator magnet array can decrease FVPMLVI's natural frequency effectively, and this enhances the vibration isolation capability of the FVPMLVI. The magnets used in FVPMLVI are parallel magnetized cubic magnets, which have advantages of simple structure, good manufacturability, and low cost. The analytical expression of magnetic force is deduced by equivalent charge model. The influence of major structural parameters and motion on levitation force, horizontal force, force density, and force ripple are studied. The dimensions of both stator magnets and mover magnets have significant impact on levitation force, horizontal force, force density, and force ripple. In comparison with conventional passive magnetic levitation vibration isolators, the proposed flat-type vertical-gap passive magnetic levitation vibration isolator shows advantage in lower natural frequency, wider vibration isolation bandwidth, and lower vibration transmissibility.
